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parture was in Kansas, and the high-level cell was almost 
directly overhead. 

Maj. E. H. Bowie has drawn my attention to an a.rticle 
by George Reeder which appeared in the MONTHLY 
WEATHER REVIEW of October 1919, entitled “The Rela- 

FIGURE 8.-July 1036. A month of unusual heat and draught in the Middle West 
Solid lines indicate isotherms at 4,000 m., ‘C.; broken lines, departures from normal 
t.emprature at surface, O F . ;  resultant winds at 4,OOO m. 

tionship between Cirrus Movements from Easterly 
Points, and the Occurrence of Severe Droughts,” in which 
the author showed that during severe droughts in summer 
in Missouri, and preceding t,hem, “the cirriforni c,louds 
show a persistent though very sluggish niovemeut from 
easterly points.” Lacking free-air data, Mr. Reeder 
endeavored to account for this abnorniitl cloud movement 
by a study of surface pressures. It is quite likely t,liat hrtd 
he possessed the information which we now have regarding 
air circulation a t  high levels he would have attributed tlie 

phenomenon to other causes, for the easterly winds over 
htissouri coulcl occur only wlien the high-level nnticycline 
was far north and east of its normal positiun. Figures 8 
and 9, just considered, may be taken as an esaniple of an 
air structure probrtbly approximating situations of the 
kind lie described. I t  will be rioted that in each case there 
was a northwest resultant wind over the upper Mississippi 
Vdley, countered further south by a southeast resultant 
wind over Olddionia. Note, too, the close agreement 
between resultnnt winds and isotherms, n n d  how the high- 
level circulation has apparently niniiitained an air mass of 

FIGURE S.-AuCust 1YBfi. A month ofunusunl heat and ah’ourldt C:ist of the  Rocky Moun- 
tains. Solid lines indicate isnt.herins “ C .  3t O n 0  m.: hmkm lines, depart.ures from nor- 
I1131 temperatnrc at surface “P; result.aut winds a t  4,000 m. 

:tbnonnnl warmth fur eastward over the Mississippi Basin, 
nncl hence nn n tniospheric structure hostile to convection. 

Special thnnks nre due hfessrs. Little and Samuels of the 
Aerological Division of tlie Weather Bureau for help in 
providing (lata for some of the charts herewith. 

FURTHER STUDIES OF AMERICAN AIR-MASS PROPERTIES 
By ALBERT I<. SHOWALTER 

[Weather Bureau, \Vashington, June 193Ql 

These studies originally were undertaken for the pur- PA-Polar Atlantic, which, wlien modified, becomes 
pose of bringing up to date the mean values of the char- NPA. 
acteristic air-mass properties of North .America a? first TA-Tropical Atclantic, which in the charts and cross 
given by Willett ( I ) .  This seemed desirable in view of sections used for this study, included both the 
the large inass of airplane sounding tats obt’nined sii?ce TA and TG (tropical Gulf) inasses of Willett’s 
the ublication of Willett’s paper, which was based prin- c.lassificat,ion, since both of the air inasses come 

out of t8he subt(ropica1 anticyclone cell of Ihe 
Athn t,ic. the new data indicated that some minor changes in Wil- 

lett’s classification of air masses might be nec,essn:y. A T-Tropid Pacific. 
more thorough study, however, based also on certnln syn- TM-Tropical maritime, a designation used when it is 
optic considerations, led to the aba.ndonnie.nt of the abso- inipossible to determine whether the air inass is 
lute system of cln.ssifications, for reason that will be st.ated of Atlantic or Pac.ific origin or when the two 
later; and the conclusion was reac.lied that Berge,ron’s dif- are misecl.. 
ferential classification, which was used b7 Willet,t as a.n S--Supe.rior, wliich includes all air masses whicli ap- 
alternative system, forms a better basis for n.ir-mass pear warin and vFry dry  because, princ,ipally, of 
definitions. subsidence and divergence. S include,s the type 

The relation between the two classifications can be se,en of itir inass 1abele.d Tc (tropical cont,inental) in 
by listing and comparing them as follows: Willet.t’s original publication a,nd Ts (tropical 

superior) in later treatises by t,he same author ( 2 ) .  
NP-Moc1ifie.d polar, sv1iic.h is air definitely of polar 

origin but, of doubtful c.ontinent,al or niantime 
origin, or a mixture of continent,nl and imritime 
polar air. This type of a.ir mass, which was not 
definitely classified by Willett, forms the pre- 
dominant polar air mass of summer. 

cipa P ly on kite observations. A preliniina.ry analysis of 

Absolute classiJicution (adapted f r o m  TTillett) 

Pc-Polar continental air which, aft.er becoming mod- 
ified, is cdlecl NPC (transitional polar conti- 
nental). 

Pp-Polar Pacific, and the modified form NPP. 
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NpM-Modified moist polar; air which has become very 

moist (high relative humidity, moderately high 
temperature) by any of several possible means- 
by a long history over water, by precipitation 
through it, by evaporation into it from the sur- 
face, by mixing with TM air, or perhaps in some 
cases by cooling, either radiational or dynamic. 
This classification is not very desirable from a 
geographical stsandpoint, but for practical pur- 
poses it was used a t  first in the study. I t  in- 
cluded the ternis NP becoming TM;  NPPM, NPP 
becoming TP; NPC becoming NPA, NPA, N P S T M ;  
and similar terms eniployecl on synoptic charts 
and cross sections. The NPM designation does 
not appear in Willett's classification. 

Diflerenticrl cZctss.ijficcition. (adapted j i ' om Bergeron) (3) 

This classificat,ion imp1ie.s tlie existence of two front,s 
separnt.ing t1irc.e air masses-the Arcbic front bet'ween 
Arctic and polar air, and the polar Iront sepn.rating polar 
from tropical air; the intertropic front does not ent,e,r 
inbo the s c h m e  of things as fn.r as the United States is 
concerned. The Arctic front, through southward migra- 
tions of t8he cold air, beconies a polar front, a t  which st,age 
a new Arctic front usually is created, a t  least in winter. 
The minor cold and warm fronts, occluded fronts, etc., 
of middle latitudes are sections of the polar front'; in 
fact under ordinary conditions the polar front is not R 
single, continuous front, alt81iough frequently it is 
approximately so. 
cAw-Continental Arctic nir, wa.rmer than the surface 

over which it lies (stable in the low laye,rs). 
This corresponds to the pure Pc air mass a t  it,s 
soyrce. 

cAK-cont,ment,d Arc tjic air, colder than tlie surface 
over which it is passing (steep la.pse rnte in t,lie 
lower layers). This corresponds to pure Pc 
air that is moving ra.piclly and undergoing con- 
vectionnd or mechanical convergence a r o i p ~ l  
(usually behind) an intense cyclone in hipli 
latitudes. 

~As-Maritinie Arctic air, colder t h n  the surface over 
which it is passing .(st,eep lapse rnte). This 
corresponds to a, mixture of Pc and PP a.ir 
masses flowing together rnpiclly down the 
A1aslrn.n Pacific con.st tow.nrd the Unibetl State.s, 
producing a type of weather soniewhn t dis- 
tinct from t,lia.t produced by the usual PP. 

cPw-Continental polnr air, warmer than the surface 
over which it is passing (st,able in t'he lower 
layers). Corresponds to stable NPC, PP, or 
NPP modified over the cont,inent,, t,hn 1n.tter 
type sometimes c1assifie.d as NPPC [we Byers 

cPK--Contine.ntal polar air, colder than the surface 
over which it is passing (stee.p 1a.pse rate). 
Corresponds t,o NPC, NPPC, and NP t'hat Iinve 
been heated from be.low, especially in summer. 

MPw-Marit,hne polar air, warmer t7han the surface over 
which it is pn.ssing (stable in the lower layers). 
Corresponds to a return current of NPP over 
the 0cea.n (NPPM according to Byers) or PP 
becoming NPP by ra.pic1 cooling in the valleys 
and basins of t,he Far West in winte,r. Sonie- 
times also corre,sponds to a return current of 
stable NPA, or NPM. 

(4)) 

MPK-Maritime polar air, colder than the surface over 
which it is passing (steep lapse rate). Corre- 
sponds to fresh PP and some forms of NPP, PA, 
and NPM. 

dl?w--Marithie tropical air, warmer t11a.n the surface 
over which it is passing (stable in the lower 
hyers). Corresponds to certain types of TA, 
TP, and NPM. 

wTn-Marit8ime tropical air, colder than the surface 
over which it lies or is passing (steep lapse 
rnt'e). Corresponds to TA, perhaps occasion- 
ally also TP. 

Supxior air (S) is not of surface origin and is the same 
in both c,la.ssifications. Continen t)al tropical a.ir does not 
appear in Nort8h Anieric.n. 

The outst,anding characteristics of tlie various a.ir masses 
rimy he, ouhlined RS follows: 

WINTER SEASON 

C'on.tiwntal Arctic A,ir 
As shown by Willet (1) and Kesler (5) cA a.ir is prob- 

ably formerly nnritime polar air (MPK) which is coolecl 
by surf:ice radiation forming CAN. A studv of this air 
mnss by We.sler lias shown tlint there is a very sl-mrp 
inve,rsion n e a  the surface, a.nd above, a !:ipse rate ?p- 
proac.liing the iso t,liermal. The rapid lncrease with 
1ie.iglit of pote,nt,ia,l teniperature as shown for CAW sir 
in figure 2 il1ustmte.s t,he escepi.iona1 sta.bility of this air 
niass. f3inc.e the efiect, of surface cooling r:irely extends 
ahove 3 h i .  n.bove sen level, the uncooled air above 
would still be MP and very few observations of cA air 
a.re avai1:ible above that level. Occa.siona1ly cA air is 
mechanically lifted to 4 km. a t  Cheyenne and in such n 
c:we i t  will be cooled adiabatically and a temperature 
very low for thnt height will result. Unstable Arctic air, 
CAK, somet.imes occurs in the Hudson Bay a.nd the Great 
Lalies regions but insufficient data me available to include 
CAK air in this study. 

The modifying influences affecting cL4 nir are principally 
t,lie addit,ion of lieat nnd moisture a t  the surface and a 
tentlency for subsidence. aloft. A c.omplete discussion of 
CA (Pc) air and other a u  masses is contained in Willett's 
paper and it is the author's intention to avoid needless 
repet,it,ion of blie important modifying influeuces. The 
ch:inge in designation from CAW to cPw has been more or 
less arbitrary but usually one or two c1ay.s elapse before 
CAW air is considered cPw. A more definite crite.rion for 
t,he c.ha.nge in notation is the formation pf a. new Arctic 
front, Eventually the original polar air m:ay become 
bropic,al air, so cPw rnerdy marks the transitional stn.ge. 

The st,riking thing in tdie movement of CAW becornuig 
cPw air into the soutsheni United States is that the steep- 
ening of t8he lapse rate which would be espected from the 
:~.dditioa of heat from below does riot occur in the mean, 
esc,ept in the lowest few lmndred meters. Apparently 
sujuhsidence proceecls so rapidly at, all levels above the 
slid low t,urhulen t,-convec hive. 1 nyer that the .great s t,a.- 
hility characteristic of CAW air near its source 1s stdl pre- 
served and CAW-XPK is rare, except behind deepenling 
cyclones. As the polar air feeds ihto loy latitudes it 
s reads out to occupy sever$ t,iines its origmal area !lid 
t P ius the conipensat,ing subsiclence shown by the various 
charts and tables is accounbed for. 

The properties of cPw air, as would be expected, are 
about midway between the properties of Arctic and Trop- 
ical air. 
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There seems to be considerable moisture added in the 
lower lei& by srirfnce evaporation but because of the 
extreme stability of CAW and cPw air i t  does not secni 
likely that the effects of stirface addition of moisture 
extend to any nppreciahle elevation. Considcr for ex- 
ample, the mean value of 2.2 g./kg. for specific liuinidity 
\\it11 a potential temperature of 38S'A. a t  2 kin. at Okla- 
h o p i  ('ity in CPW nir. (Sce fig. 3.) To establish a n  
adinhatic lapse rate to carry such a quantity of nioisturc 
up to 2 km. by vertical convcction, a potentin1 tenipera- 
ture of 285' A. is rcquirerl a t  tlie surface. Since a surface 
potential temperature of 28s' A .  is found only in nir of 

air mass, and employing a pseudo-adiabatic diagram, it 
is found that the assumed conditions result in a specific 
liiimiclity of 2.8 g./lig., and an equivalent-potential tem- 
perature of 280° A. If vertical convection with const'ant 
equivnlent-potential temperature obtained to 5 km. above 
sea level in such an air niass the temperature at 5 kin. 
would be about -43' C. The lowest temperature ob- 
served a t  5 kin. in MAS nir was -43.4' (2. a t  Spokane on 
February 7, 1936. It must be borne in mind that the 
xbore are rninimum rulues of the properties of MAK air 
and most of the outbreaks clo not result in such low values. 
In  fact the mean values here summarized are much too 

FIWRE 1. 

very ncnrly tropical properties i t  is evident, that the ob- 
served amount of incistiire could not) have been carried rip 
to that- eleva tioii by simple vertical convection. The 
atldition of moisture a t  higher levels in nioclifiecl polar 
air is prpbahly hcst cip1:iinetl by the tjlieory of liori- 
zontal mixing along iscri tropic surfaces o s  discussed by 
Rosshy (6) .  

illucr,~ifin~r -4rctic uir,  n r A  

When an outbred< of p0l:ir air iiioves over only a very 
small part of the Pacific Ocean before reaching the ITnitecl 
States it is usually designated RS MAL If its tritjectory 
has been far to the south, it usually is sufficiently modified 
to he called MP. Since MA air must have properties 
closely resembling those of cA air before moving out over 
tlie ocean it is possible to estimate the minimum values of 
its various properties. Assuming a pressure of 1,000 mb. 
fit the surface, which is a reasonable value for a winter MA 
current, a minimum ternperatlire :it the siirfnce of 0' C'. 
and 75 percent' of saturation ns ~voulc l  be expected in this 

Iligli for typical ~ L I K  air. TJie iiic~iiis wcrc obtainetl from 
s:inipling of air orjgin:illy c1:rssified as PP. They represent 
observntions of MAS, MAS+MPK or fiiPw, antl ~ I P I ~ - +  
MPW. Strictly speaking, for air inasses entering tlic 
ITnited Sta  tcs, the notation MAS should be reserved for 
,2rctic nir iiiasbes which move directly soutliwarcl along 
the North Pacific, coast, a n d  have only n short trajectory 
over the ocean. The notations MPS arid MPW are ade- 
quate to cliffercntiate between maritime polar oiit'breaks 
having longer trajectories. (See fig.. 7.)  The unusual 
instability of MAK air, some flights indwiting that vertical 
convection has obtained to a t  least G h i . ,  has two im- 
portant effects on its interaction with other air masses in 
the central and eastern part of the United States. First, 
since often i t  is colder nloft than the surrounding nir 
masses, sinliing from these levels, or subsidence, occurs in 
MA and MP air. Second, and inversely, this same msta- 
tdity in MA air is apt to cause a n  increasing tendency for 
vertical divergence antl increa~ing instability in air m a w s  
moving into n region occupied or recently occupied by MA 
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air. In other words, the MA gains in stability while t,he 
surrounding masses lose. 

During the wmter months MA air near the surface is 
usually warmer than the continent, and shortly after pass- 
ing the coast line it become: a warm type air mass accord- 
ing to the Bergeron classification. Over snow covered 
areas MAK air very rapidly assumes continental chamcter- 
istics; thus we find the modified form of MA air sometimes 
colder near the surface than the original. 

Because of the mountain ranges in the western part of 
the United States m d  the presence a t  the surface of cold 
continental air, most, of the Pacific air masses in winter 
move eastward over the continent without reaching the 
surface, except in certain unusually warm winters. 

The effects of silrface modification on polar Pacific air 
masses over the United States are but slight in the winter 
months except as the air masses approach the more south- 
erly stations. The mean values for MP air cannot be 

MPK UPW NP-s s S+ nT 

WEAM VALUES OF p AND e FOR SELECTED AIR UASS TYPES 

FIGURE 2. 
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conside.red representat,ive of the effects of continental 
moclification; first, because t,lie notat,ion MP is also applied 
to air masses which have had a. tra.jeckory fnr to the soiit,h 
over the Pacific Ocean; second, .bec.a.use of the tende,nc.y 
for subsidence, in Polar Pacific Fir, n. large nuiiilmr of snril-  
ples of t.lie. nioclifit?d form of this air iiinss.liarc hecri ck1ss1- 
fiod as  S air in tQe coiirse of bhis study ; t,liirrl, bqct-tuse. a fcw 
saniples of niodifietl Pacific. nir which we,re rapidly assy&ii- 
iiig tropical niarihne cbnrac.terist,ics were. siimniarized 
undtr a spwial group. It, semis mfe to say t.liat some, of 
the 1ncren.se in .moisture n t  higher levels cannot. be es- 
plained by vcrt#ical transport and must be explained by 
isentropic mixing. 

Samplings of nia.ritime polar air froin t8he At1a.n tic., 
and its modified forms n.re quite rare in the winte,r mont'lis 
because t81iis type of air mass is usually off the New Eng- 
land coast, a,nd when it does niovc inland its tendency for 
instability and sa.turation usually results. in condit,ions too 
hazardous for flying. The few sa.mp11ngs ava,i!able in 
this and 0t.he.r studies indica.t,e that Polar Atlantic air in 

R Nn NNTU TU 
YPK uPw W T u T  UT 

YEAN %&LUES ff q UD 0 FOR SELECTED AH1 YASS TYPE9 MOIST CYCLE. WINTER 
FIGURE 8. 
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general devclops the ?a,nie distinguishing properties as 
Po1a.r Pac.ific but vertical convection has not reached to 
such great heights. 

&latitime tropical air MT (TM) 

It is unfortunate that only a few soundings in MTW air 
mere made during the winter selected for this study; but 
since the source region for MT air exhibits only minor 
variations from one year to the nest, even a few samplings 
of MTW air can be considered representative of its general 
characteristics. Since MT air is formed out of a.ir which 
was originally polar, it shows a tendency for vertical sta- 
bility with some subsiding action in the higher levels. It 
will be noted that although the partial-potent,ial tempera- 
t,ure of the dry air increa.ses fairly rapidly with elevation, 
the eqiiivalent-pot,ent,ial temperature usually decrgases 
with elevnt#ion. This sec~ns to indic,at,e that at, hlgher 
levels this air mass is relativcly dry.. Since MT a.ir usunlly 
mores inlarid yit81i a.ntic,yc.loriic.mot'ion it may bo assuFed 
that the relative dryness aloft In a/rT.n.ir can. be esplnined 
by 1iorizont)al divergence with subsideace 1n the iipper 
levels of the sub tropical a.n ticyclonic cell. T h e  is evidence 
t,hat some of the water vapor a t  higher levels must ha,ve 
been carried upward by vertical convection over scat,tere,d 
areas in the Gulf and Caribbem, and was diffused to the 
surroundings. The evident upward slope of the jsent'ropic 
surfaces to the northward indicates that the moisture is 
carried aloft not only by vertica.1 convection but also by 
isentropic mixing. The upward t>ransport of moist n,ir 
appears to occur near the edges of the subtropical anti- 
cyclones, while the subsiding dry tongues originate nearer 
to the centers. 

Due to  the lack of a.de,quate history for tbe t,rrfi.ject.ories 
of tropical msritime air ent'ering t,he mste? part of t81?e 
United States, it is difficult in most caws to identify posi- 
tively TY air masses as such. From a comparison of 

nvera.ge surface temperatures over the Pacific Ocean and 
the Gulf and Caribbean area (7, 8), it seems that an air 
mass would have to move about 5' of latitude farther to 
the south to attain comparable a.mounts of heat and 
moisture over the Pacific. The persistence of the anti- 
cyclone off the California coast with very dry air aloft 
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seems to demand that in any northward movement, 
tropical Pac.ific air would be exposed to  likelihood of both 
horizontal isentropic mining and mechanical vertical mix- 
ing with much drier air. Not enough sa.mplings of TP 
air are available to show definitely that it possesses any 
chssacterist.ics clishct from tropical Atlantic air. The 
\-slues obtained for h fa .da  by Deppermann (9) seem to 
agree well with the values obtained for Coco Solo and St,. 
Thomas in this study. 
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Superior or subsiding air S (Ts) 

The notation Ts (tro ical superior) was originally ap- 

subsiding portions of the subtropical anticyclonic cells 
(2). However, of recent date the designation S has been 
applied to all warm air masses that show relative humid- 
ities below 40 percent, which is taken as an indication of 
subsidence and horizont a1 divergence. The study indi- 
cates that most of the dryness results from the subsidence 
of high level air from R polar source. Isentropic analyses 
have shown definitely that a number of dry tongues move 
out from polar regions. Consider for example the po- 
tential temperature surface of 302O A.; MP air shows an 
average specific humidity of 0.8 g./kg. for that surface, 
and MT air an average of 7.3 grams. The average value 
of 2.0 g./kg. given for S air at, this surface indicates that 
the main source of the dryness in S air is probably the 
upper levels of the polar air, but that the arerage also 

plied to  air supposed to r lave been derived from the upper 

thc air moves along potential temperature surfaces (10, S), 
and since the mean values represent a large number of 
saturat,cil conditions i t  is impossible to differentiate be- 
tween the effects of vertical convection and isentropic 
mixing in NPM air. 

SUMMER SEASON 

Continental polar air C~\+CP 

As explained by Willett (1) surface conditions in the 
source region of cA air in the summer nre considerably 
different from winter conditions. Both the MP and CP 
are originally Arctic air masses and have similar properties 
a t  their source, but undergo different influences on their 
journey to  the United States. cA+cP air undergoes very 
rapid surface heating and slow addition of moisture. 
Since so few cases of cA air have been classified as such it 
is safe to s ~ y  that during the summer months all out- 
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includes a number of cases of air of tropical or subtropical 
origin as well as cases of isentropic rnhing between air 
from tropical regions a n d  sub~iding air of a polar source. 
k’urt8her studies of the gcncral circulation on the basis of 
isentropic charts may show that all dry air aloft, eren ;A 
the tropics, comes from high latitudes. 

Afod i j e t l  innist Polar air MPW (NPM) 
All of tho ra.rioris t’ypes of modified polar a,ir which 

were rapidly becoming warin and moist were grouped 
undcr the heading of NPM for purposes of this study. 
The mean values for these air masses show a tendency 
for decreasing stability and increasing moisture conte,nt. 
Although there is evidence that conside,rable heat a.nd 
moisture are added by surfme effec.ts, there must be an 
addition of moisture aloft by isentropic. mising. The 
fact that a large number of NPM soundings show humid- 
ities a t  or near saturat,ion makes it impossible to make 
quantmit8n.t.ive estimates of t8he effect,s of addition of mois- 
ture a.t the surface. I n  other words, c.onditionally stable 
air under saturation conditions moves along equivalent- 
potent,ial temperature surface.s, and prior to saturation 

breaks of cold continental air are sufficiently modified to 
be labeled CP by the time they roach the United States. 
Bccause most of the flights arc taken before sunrise the 
~ n e m  values for CP ai r  show g.re:it, stability up to 2 kni. 
As noted by Willett (I) tlicre is a large diurnal range in 
the temperature. in coritinentnl air driring the summer 
months so that by ~nicl:tfternoon on clear clays most of the 
stability in the lower 2 km. has bcexi removed. The rate 
of increase of moisture alPft seems slightly in excess of 
t h a t  possiblc through vertical convection and it is neces- 
sary to believe that horizont a1 mixing plays an important 
role. 

Maritime polar air MA-XVP ( P P ~ N P P )  

The source of MA air is originally Arctic, but its tra- 
jectory over the Pacific Ocean leads to a fairly rapid in- 
crease in moisture. However, because of the cool waters 
of the Pacific and the small diurnal range in temperature 
over the water, the addition of heat is slower than it would 
be over the land. As soon as the maritime air mass moves 
inland it is heated very rapidly. Further, because of the 
usually long maritime trajectory, polar Pacific air masses 
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are quite warm as a rule by the time they reach Spokane 
or Billings, so it is usually nclvisable to use the notation 
MP during the summer months. 

Although it is not so pronounced in the suiiimer time, 
the tendency for subsidence in Pacific air masses moving 
across the Rockies has about the same general effect a s  it 
has during the winter months. There iq a rather large 
diurnal temperature range in MP air over the land n n d  
apparently considerable moistnre is ::tided by rerticd 
convection in the lower levels. 

The effects of subsidencc a n d  outflow from the u p j w  
portions of MP air seem to have about tlie same proiiii- 
nence as the cffects of 1iorizont:il niising so the inenn values 
for MP air do not give positive evidence of the increase of 
moisture aloft hy isentropic mixing. 

The notation CP or NP sliould be used in c:ises of clouhtful 
history of the polar current, or in cases of owr1:ippi:ig 
layers of maritime and continental air having been tlior- 
ouglily nixed by vertical convection during the dny or 
in some cases l y  niechnnicnl turbulence. Since there is so 
little tlifference 111 tlie properties of MP and CP after 1 day's 
history over the cnntincii t, during the summer niontlis it, 
would lie nise to Iahel all polar air masses CP in the suni- 
mer time, after they hare itioved east of Spokane and south 
of tlie Cnndian border. 

Afodijccl  moist polar air MP (Npnr) 

This group, as in winter, inc1ude.s all polar masses which 
a.re rapidly a.ssuming t,ropicn.l marit,iiiie~ charac,teristics. 
The. rapidly iiic.rensing moisture. seems t.o be a coinbinat ion 
of t,he e.ffects of surface e,vnporation over water surfaces 
or areas with abundant plant life, coupled with the effects 
of horizontal mixing. It seems possible. t,herefore for .a 
po1a.r air ma.ss with a purely cont,inent,a.l history to a t,t,ain 
in summer quant,it,ies of heat and moisture comparable t,o 
those obtained by mi air mass moving over the Caribbean 
Se.a,. 

A f u ~ i t i m e  tropica.2 u.ir MT (TM) 
The source region nncl cha.ract,eristics of t,ropicnl At,lnn- 

tic air nre about t,lie sn.me in siimnier as  in wint,er. The 
effect of cont,inent,al moclifica.tion is reversed in summer, 
however, and the air ma.ss is 1ie:i.ted rapidly a t  the surfnce 
as  it moves iiiland n a d  h i T  air masses very frequent.ly be- 
come unstable during t,he clay. It, appen.rs that in general 
the polentin.1 tempcmtnres m e  1iighe.r in h r T  air t,han in 
cont.inent,n.l air nmssw a.ntl t1in.t t.hercfore t.hc air woulcl 
move upward along t l in  iscnt,ropic surfa.ces a:; it. e:inie over 
t,he laiid. Some of t,lie c:i,scs st,iidied indic:ite t.ha t, at, h i e s  
w given isentropic. surface may slope downward froni tlie 
Gulf t,o the cont'inent. This means t1ia.t portions of the MT 
column n1n.y 8.t times move downward in nppro:wiiing the 
cont,inen t,. It mill he iiot,ed tha. t mean po tentd-t,empera- 
t,ure surfmes are approximately horizontal be,twe.en 
Miami and Pensacola. 

Tn.king tlie vert,ica.l distance in meters be.tween the 
303'A. and the 311'A. siirfaces ns an inverse measure. of 
st.a.hility, one finds the MT air t,o be more stable in the nie!:in 
tdio.n MPK air but less stable thaa cPw a.ir. This agrees 
wit,li t,he st,ateiiient made during the discussion of nip air 
wherein the a.ut>hor stated t,liat MP a.ir wa.s likely to  cmse  
increa.sing instzhility in nir niasses moviqg int,o its terri- 
tory. The suthor is of the opinion t'hnt it can he sta.t'is- 
ticaaly prowcl tha,t t>he greatest proba.bi1it-y of rain occurs 
when MT air rephces MA or MP, or when MA or MP rep1n.ce 
MT air. The lat.ter sequence is m.ore conducive to precipi- 
tation during the colder seasons. 

Samplings of tropical Pacific air were not included for 
the summer season since such an air mass is extremely 
rare over the United States during that season and has no 
properties different from other maritime tropical air 
masses. 

STcperior or subsiding air. (S) 

The assumption that the dryness of this air mass is due 
to subsidence is not ne arily correct in summer, be- 
cnuse rapid surface heating of relatively dry air at that 
seuson may produce a deep colunin of air whose moisture 
content is far from the saturation vdues. When such an 
air inass is *cooled duriii,rr tlie night by surface radiation 
some slow sinking may occur in the layers near the surface 
and those layers which are not cooled by r~diat ion will 
show low? rclative humidities by the time of thc airplane 
ohser-ration tlie nest clay. Since S air is recognized only 
on tlie basis of relative humidities less than 40 percent, tlie 
source of this air can therefore be trncecl to subsicling 
polar or tropical air or i o  rapid daytime heating of either 
type. 

The range iri specific liiimitlity nnrl equivalent potential 
temperature is considerable a t  all elevn tions for the dry 
type of air called S, so it can be assumed from this evitlence 
also that the source of S air  can be either polar or tropical 
or a stratification of air from both sources with a tendency 
for horizontal mixing along the isentropic during the night 
and vertical convection during the day resulting in dissi- 
pa tion of the concentrntion of moisture. The orographic 
effect also plays 811 important, role in the development of 
S air east of the Rocky hlountains. 

AIR M.4SS CLdSSIFICdTION 

The above discussion has treated niainly the important 
identifying charac,terist,ics of e:a,ch type of air Inass for the 
winter a.nd for the summer mont'lis ba.sed in general on 
Wille,tt's classific,at,ion. D a h  1in.ve. also been computrd 
for the sprinE and fall seasons and are published here, 
figures 13 antl 1.5. The study inclic.at,es that it is possible 
to make some reasonable st,andardizat,ion of air mass 
classification for spriopt,ic. purposes hut that any classific P- 
tion falls fw short' of clefinit,ely ident,if;ving t,he thermocly- 
mmic propert,ies of the different, air masses. In other 
words t,he mean vnlues of each of the various propertlies 
(see figs. 13 to 1.5) shoiv definit,e groupiiigs for the different 
air masses, and the individid values show definit,e limit,s 
for the propert,ies of fresh tropical and fre,sh polar out- 
brenlis. IIowever, t,hc modifying influences a.ff ec ting air 
ninsses a . 1 ~ 1  +e allyost a,rbitrary met,hod of classifying air 
nia.sses, especially 111 tJhe siirnnier months, result in a very 
wide range of equiv;~lleiit'-pot,eiiii,?l temperatures as indi- 
ca ted on t,he frequency tlistrihiitioii cha.rt8s (figs. 5 antl 6) .  
It cmi be seen from a study of these chn.rts that the cla.ssi- 
ficat,ion is relative for any one clay, nncl no definite limit8s 
of equivalent-potent(ia.1 temperature have been in use. 
This seems regrettable for sta.tishic.al piirposes but in prac- 
tical synophic work it c ~ i i  hardly he svoided. 

It is usually the practice, to Iabe,l the air nin.sses differ- 
ent.ly on eit,her side of a front, n.nd since polar air is some- 
6imt.s modified very rapidly, it happens that modified polar 
air behind a cold front on one weat,her map may have a 
higher equivalent-potfent.in.l t,emperature than a modified 
t,ropicd ciirrenh behind a. warm front on a map a. week 
Inter. Si1ic.e all t,ropic.al a.ir is polar air modified by sur- 
face effects, any c,la.ssification of air masses must be only 
a. compromise a.s to number of types. The a.uthor is of 
the opinion that no purpose is served by increasing the 
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number of types. The three main air inasses, cA, MA, 
and MT have definite distinguishable properties; but the 
modified and mixed forms of these air masses may assume 
an entirely different set of characteristics. Further, since 
the relative dryness of an nir mass is sometimes consid- 
ered in its classification, the effects of pressure distribu- 
tion alone may cause a change in label for the iiir mass. 

The use of equivalent-potential temperature identifies 
the amount of heat and moisture in an air mass, and the 
relative humidity gives an indication of the degree of snta- 
ration. It has been suggested that a classification systerri 
be adopted using only the above two properties as argu- 
ments. The major objections to such a system are thEt 
the number of possible combinations becomes too large, 
it has no geographical significance, and it gives no indica- 
tion of vertical stability. Therefore it seems advisable to 
continue the use of the three major types Pc, PP, and 
TM, since they immediately convey indications of heat 
and moisture content and of vertical stability. I n  the 
wintertime the notations NPA, NPP, and NTM also appenr 
satisfactory. TP is rare in occurrence in the United States, 
especidly in the sunlmer, and its properties must be veiy 
similar to TA air, so it seems advisable t o  use only the 
symbol TM for all tropical maritime air masses. PA is also 
rare a t  coastal stations but it often goes all the way around 
a Hudson Bay cyclone and enters the United States from 
the north. The charitcteristic properties of PA and PP 
should not be appreciably diflerent, so only the symbol 
PM should be used in such cases since there is often a cur- 
rent of PP air flowing parallel to the PA current. When- 
ever there is reason to believe that Pc and any polar mari- 
time air mass have been mixed by mechanical turbulence 
or by convection, the notation Pc should be used since 
most of the maritime characteristics have probably disap- 
peared. 

I n  midsummer all polar air masses are so rapidly modi- 
fied over the continent that it seems advisable to use only 
the symbol NP for all polar air masses over the continen- 
tal Unitea States a t  that 6easori. At all seasons when a 
polar. air mass is rapidly assuming tropical maritme char- 
actenstics it is suggested that it be called NPM. A study 
of samplings of NPP+TP, N P P ~ T M ,  N P ~ T A ,  N P ~ T M ,  
P A ~ N P A ,  NPC+TP, and NP+TA shows no definite dis- 
tin ishable properties and all of these air masses can be 
ca lr ed NPM and still have as much practical synoptic sig- 
nificance. 

It seems necessary to continue the use of the symbol S 
to describe dry subsiding air masses. As soon as the air 
mass shows signs of being lifted the symbol S should be 
dropped since it wmld then be very misleading. The use 
of the notation NPS is suggested for polar air masses ap-  
parently in the early stages of subsidence. 

I n  summary, the use of the following air mass types is 
considered of practical synoptic significance for the United 
States: For most of the year: Pc, PA, PP, PM, NPC, NPP, 
NPM, NPS, TM, and S. For midsummer: NP, NPM, NPS, 
TM, and S. However, since the above labels do not iden- 
tify the stability of the lower levels of the air mass, it has 
been recommended that the differential classification of 
Bergeron be adopted as explained in an earlier paragraph. 

THE AIR MASS CYCLE 

Following the above-:uggested classification it is pos- 
sible to identify two dist,inct cycles of transition from polar 
to tropical air, one a moist cycle with ra,pid addition of 
moisture, the other a dry cycle with a niarked subsidence 
and slow isentropic mixing in the early stages. An attempt 

11153-3Q-4 

to identify these cycles for the winter and summer seasons 
Bas been made on figures 8 to 11. 

For the winter season the moist transitional stage, figure 
8, from MP as represented a t  Dayton, to TM a t  Pensacola 
and St. Thomas, shows continual subsidence and increas- 
ing moisture. The persistent stability throughout t,he 
transitional process, the difference in potential tempera- 
ture between 500 m. and 5,000 m. remaining practically 
constant from the MA to t,he TM stage, indicates that hhe 
principal addition of moisture must occur by means of 
mixing dong isentropic surfaces, with some probability of 
convection in the final MT stage. 

The dry winter cycle, figure 9, shows rapid subsidence 
with slight increase of moisture by isentropic. mising from 
the MA to the S stage. When this n.ir mass moves to 
lower latitudes the subsidence decreases, rapid surface 
heatsing develops and the S air be.gins to mix both vertically 
and horizont,ally with MT air. The vertical mixing is 
probably confined to the lowest layers affected by dayt,ime, 
conwction and most of the increase in moisture aloft ap- 
pears to be due to  isentropic mixing. 

The identification of the moist and dry cy-cle,s is more 
difficult in the summe,r season because, of the greater t,en- 
clency for verticd convection during the clay, with con- 
vection occurring under satura.ted conditions w1iic.h cannot, 
be analyzed by charts using potential te,mperature sur- 
faces. However, the mean values, inclicating unsatu- 
rated conditions, suggest for the moist cycle conditions 
similar to those observed in the winter season, namely, 
subsidence and surface heating with rapid inc.rease of 
moisture by isentropic mixing. 

The dry cycle for summer is more difficult to identify be- 
cause the driest stage, S a t  Omaha, as shown in individual 
cases, is not clearly shown by the mean values for S a t  that 
st.ation. In  other words, some of the flights used in com- 
putsing mea.ns for S air a.t Omaha may reprseent returning 
subsiding tropical maritime cmrents. 

Esamination of the me.an ise.ntropic chart for MT air in 
summer shows t.he tongue of air with highest moisture 
content to be probably subsiding as it moves nort.heast,- 
ward from El Paso to Omaha. The apparent upward slope 
of the isentropic surfaces from Omaha to Peiisncola is 
partly due to convergence and daytime convection ove,r t,he 
Gulf coastal regions. The MT air a t  El Paso represents a 
more advanced stage of development than MT at  Pensa- 
cola. The flow pattern suggested by the mean isentropic 
chart for summer MT indicates that the immediate t'ra- 
jectory of the MT air a t  El Paso is from the lower Carib- 
bean area. The study indicates that apprecin.ble qua.n ti- 
t8ies of h a t  and moisture may be added to MT air over-the 
continental United States. The highest value of equiva- 
lent pot,ential temperature, 366' A.,  observed during this 
study was found a t  1,000 m. a t  Dayt,on on August 22, 1936. 

The dry cycle in summer then represents rapid modifica- 
tion of t,he polar air masses with subsidence a.loft and slow 
addit,ion of moisture by isentropic m i s i g  over the con- 
tinent, then continued heating accompanied by vertical 
Convection and convergence over the Gulf and Caribbean, 
followed by a slow spreading out and subsidence as the 
air tissunies an ant,ic.yclonic tr:i.jectory on its return from 
the lower Caribbean to El Pnso. From El Paso to the 
Mississippi Va,lley there is apparently a continued addi- 
tion of heat and moisture and the MT air again becomes 
c,onvoctively unsta.ble over the Mississippi and Ohio 
Valleys. 

In  the identification of air masses aloft in practical 
synoptic work it is recommended that- attention be paid 
to the mean seasonal values for each of the principal air 
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mass types and also to the probable range of equivalent- (4 )  Byers, H. R., Synoptic and Aeronautical Meteorology. Mc- 
Graw-Hill, 1937. 

Byers, H. R., Characteristic Weather Phenomena of California. potential temperatures. In  view of recent discoveries of 
the meteorological signifkance of isentropic charts it is M. I. T., Meteorological Papers, vol. I, No. 2. 
further recommended that more attention be given to the (5) Wexler, H., Cooling i n  the Lower Atmosphere and the Structure 
slope of potential temperature surfaces in situations free of Polar Continental Air.  MONTHLY WEhTHER REVIEW, 

rol. 64, April 1936 from condensation’ should be made for the (6) Rosshy, (2.4. and. Collaborators, Aerological Evidence of 
possibility of horizontal mixing on isentropic surfaces and Large-Scale Mizing i n  the Atmosphere. Transactions, 
unless the isentropic surfaces in one air mass actually American Geophysical IJnion, part I, Section of Meteorology, 
intersect the ground or a t  least show a sudden increase in April 1937. 

Bul- 
letin American Meteorological Society, vol. 18, June-July slope, the synoptic analyst should label the air masses 

differently with caution. 1487 

Rossby, C.-G. and Collaborators, Isentropic Analysis. 

(7) 

(8) 

(9) 

(10) 
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NOTES AND REVIEWS 
JOHN G. ALBRTGHT. Physl:cal Meteorology. New York 

(Prentice-Hall), 1939. xxs, 392 pp., 246 figs. 
This book, as implied by the title, emphasizes the 

physical rather than the descriptive or statistical aspects 
of meteorology; it is primarily an elementary exposition 
of the fundamental physical laws to which atmospheric 
phenomena conform, and an application of these laws 
to the esplanation of the more important physical phe- 
nomena of the atmosphere. The book is intended as an 
introductory college textbook. It presupposes a working 
knowledge of physics, although a chapter on the principles 
of the theory of heat is included. The treatment is 
essentially nonmathematical, but a number of simple 
mathematical formulae are quoted and derivations are 
given for most of them. 

The introduct’ory chapter is devoted to a description of 
the scope of meteorology and its place among the sciences, 

with a brief historical sketch. After a chapter on the 
atmosphere in general, the succeeding chapters consider 
in detail, barometric pressure, temperature, insolation, 
and ntniospheric water vapor. ,4 chapter on the thermo- 
dj-nmiics of the atmosphere includes a discussion of lapse 
rates and stability; and is followed by chapters on the 
wind, the dynamic theory of air movements, and a brief 
description of the planetary circulation. Consideration 
is nest given to condensation, clouds, and the various 
forms of precipitation, followed by two chapters on tropical 
and estratropical cyclones, including a description of 
tornadoes and brief reference to the methods of air-mass 
analysis. The book is concluded by chapters on atmos- 
pheric electricity (including the aurora), thunderstorms 
and lightning, atniospheric acoustics, and atmospheric 
op tics.-Edgar W. Woolard. 
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